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We investigated the abundance, distribution, and virulence gene content of Vibrio cholerae, V. parahaemo-
Iyticus, and V. vulnificus in the waters of southern Lake Pontchartrain in Louisiana on four occasions from
October 2005 to September 2006, using selective cultivation and molecular assays. The three targeted patho-
genic vibrios were generally below the detection level in January 2006, when the water was cold (13°C), and
most abundant in September 2006, when the lake water was warmest (30°C). The maximum values for these
species were higher than reported previously for the lake by severalfold to orders of magnitude. The only
variable consistently correlated with total vibrio abundance within a single sampling was distance from shore
(P = 0.000). Multiple linear regression of the entire data set revealed that distance from shore, temperature,
and turbidity together explained 82.1% of the variability in total vibrio CFU. The log-transformed mean
abundance of V. vulnificus CFU in the lake was significantly correlated with temperature (P = 0.014), but not
salinity (P = 0.625). Virulence-associated genes of V. cholerae (ctx) and V. parahaemolyticus (trh and tdh) were
not detected in any isolates of these species (n = 128 and n = 20, respectively). In contrast, 16S rRNA typing
of V. vulnificus (n = 298) revealed the presence of both environmental (type A) and clinical (type B) strains.
The percentage of the B-type V. vulnificus was significantly higher in the lake in October 2005 (35.8% of the
total) than at other sampling times (P = 0.004), consistent with the view that these strains represent distinct

ecotypes.

Bacteria in the genus Vibrio are commonly found in brackish
and marine waters and contribute significantly to the microbial
ecology and biogeochemical processes in these habitats (21,
76). Members of some species in the genus are opportunistic
pathogens of humans and have been shown to thrive in warm
waters with moderate salinity (75). Three particularly well-
studied species are Vibrio cholerae, V. parahaemolyticus, and V.
vulnificus. Some members of these species can cause gastroen-
teritis or wound infections (16). V. vulnificus often results in
primary septicemia in individuals with a variety of underlying
health issues (52). For patients who become septicemic with V.
vulnificus, the mortality rate is approximately 50% (53).

One common route of human infection with pathogenic
vibrios is ingestion, whether of raw or undercooked seafood or,
particularly in the case of V. cholerae, contaminated drinking
water. Another major route of infection is via the exposure of
open wounds to seawater or brackish water or to fish or shell-
fish harvested from such waters (13). The incidence of vibrio
infections reported in temperate and subtropical areas shows a
predictable seasonality, with the highest incidence occurring
during warm summer months when in situ vibrio populations
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are high (67, 72). Episodic increases in vibrio infection have
also been shown to occur following natural disasters and heavy
rains that cause flooding (1, 71).

A spike in vibrio infections in the Gulf Coast region of the
United States following Hurricane Katrina, which made land-
fall in August of 2005, has been attributed, in part, to the
increase in the number of susceptible individuals exposed to
floodwaters (9). Storm surge from Hurricane Katrina caused
Lake Pontchartrain, a large brackish lake adjacent to the city
of New Orleans, to breach its levee. The city of New Orleans
was inundated by floodwaters from Lake Pontchartrain for
several weeks. The flooding was exacerbated by Hurricane
Rita, which made landfall on 24 September 2005. Researchers
at the United States Centers for Disease Control and Preven-
tion (CDC) reported an increased incidence of vibrio infection
in Louisiana and Mississippi, which had been affected by the
hurricanes (9). Between 29 August and 5 September 2005, 22
vibrio infections were reported, including two infections by
toxigenic V. cholerae (8), two fatal V. parahaemolyticus infec-
tions, and three fatal V. vulnificus infections (9). A study of the
floodwaters in the city of New Orleans revealed that the brack-
ish water (salinity range, 0.01 to 3.3) contained upwards of 1.7
million putative Vibrio/Aeromonas CFU ml~"' (58).

The floodwater that inundated New Orleans was pumped
back into Lake Pontchartrain between 11 September and 17
October 2005 (15), leading to concerns about the effect of
these contaminated floodwaters on water quality in the lake. In
a previous report, we investigated the microbiology of the
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southern portion of Lake Pontchartrain adjacent to New Or-
leans following the pumping of the floodwaters (69). We found
that total vibrio concentrations were highest near shore in the
vicinity of the 17th Street Canal and declined with distance
from shore. Total and pathogenic vibrio concentrations dra-
matically declined from October 2005, shortly after continuous
floodwater pumping had ceased, to January 2006, 3 months
later. We hypothesized that the observed decline of vibrios in
Lake Pontchartrain was part of the normal temperature-driven
seasonal cycle rather than indicating a recovery from a hurri-
cane effect. At the time, however, there were no other spatial
or seasonal data on vibrio abundance in Lake Pontchartrain to
provide a context for our posthurricane data.

In this report, we present a more extensive analysis of
the abundance, distribution, and community composition of
vibrios in southern Lake Pontchartrain, Louisiana. We used
selective cultivation and molecular assays to assess variability
in the abundance and virulence potentials of three pathogenic
vibrio species in the lake for a full year following Hurricane
Katrina. Vibrio abundance data were correlated with environ-
mental parameters in an effort to identify those conditions that
favor the proliferation of the pathogenic species in this large
estuary, which lies next to a major urban area and is used
extensively for recreation.

MATERIALS AND METHODS

Sample collection. Whole-water samples were collected from 13 stations in
Lake Pontchartrain, one site in the Inner Harbor Navigation Canal (also known,
and referred to here, as the Industrial Canal), and one site in the 17th Street
Canal on four occasions (1 October 2005 and 27 January, 28 March, and 1
September 2006) during the year following Hurricane Katrina (Fig. 1 and Table
1). The first collection occurred 42 days after Hurricane Katrina and 16 days after
Hurricane Rita made landfall. Lake stations for that initial sampling were orga-
nized as three transects radiating from the mouth of the 17th Street Canal into
the lake. Lake stations during the last three samplings were reorganized as three
transects perpendicular to the shoreline, originating from the mouths of the 17th
Street, London Avenue, and Industrial Canals. Seven of the 23 total stations
were sampled on every occasion (Fig. 1). Whole-water samples were collected
from the surface (ca. 5- to 10-cm depth) at each sampling station in 500-ml-
capacity, autoclaved, polycarbonate bottles. In situ measurements of tempera-
ture, salinity, and dissolved oxygen concentration were made 10 times at each
lake station from September 2005 to September 2006 using a conductivity-
temperature-pressure sensor (Seabird; SBE-16 plus) coupled with a dissolved-
oxygen sensor (SBE 43). For some of the samplings (December 2005 through
September 2006), in situ turbidity and pH were also measured (YSI 6600). For
the canal samples, only salinity was routinely measured, and this was done using
a handheld analog refractometer on bottle samples returned to the laboratory.
Samples were transported to the laboratory in coolers maintained between 12
and 20°C with insulation and ice packs and were processed within 4 to 9.75 h of
collection.

Colony counts. Samples were left undiluted or were serially diluted 10-fold or
100-fold in peptone water (3% NaCl, 0.15% peptone), and then 25 ml of undi-
luted and diluted samples were passed through 0.45-um-pore-size GN-6 filters
(Pall) in duplicate. One of the replicate filters for each sample was placed face
up on thiosulfate citrate bile salts sucrose (TCBS) agar and the other on Chro-
magar Vibrio. TCBS is a vibrio-selective (but not vibrio-specific) medium on
which colonies appear yellow or green depending on the ability of the bacteria to
ferment sucrose (35). “Sucrose-positive” bacteria (e.g., V. cholerae) are able to
ferment sucrose and appear yellow on TCBS, while “sucrose-negative” bacteria
(e.g., most strains of V. vulnificus and V. parahaemolyticus) cannot and appear
green. Chromagar Vibrio is a selective chromogenic medium of proprietary
formulation on which, according to the product literature (Chromagar Microbi-
ology, Paris, France), V. parahaemolyticus colonies appear mauve and V. vulni-
ficus and V. cholerae colonies appear blue. Filters were incubated on each
medium at 37°C, and colonies of each color were enumerated after 12 to 18 h.
CFU were recorded from those plates where the sample dilution resulted in 20
to 200 colonies per plate. Colonies of different colors were picked from the plates
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with sterile plastic loops and stored in 15% glycerol at —80°C for subsequent
isolation.

Isolation. Bacteria were isolated by serial streaking and picking of single
colonies on plates of TCBS and Chromagar Vibrio media. Isolates were tenta-
tively identified as V. cholerae, V. parahaemolyticus, V. vulnificus, or “other”
based on their color changes on both selective media. The media were alternated
during the isolation procedure to verify that the selected bacteria continued to
produce the expected colors. After each isolate was streaked three times, slants
of solid medium in sterile tubes were inoculated and incubated overnight at 37°C.
The slants were then covered with sterile mineral oil and stored tightly capped at
room temperature.

PCR analysis. A total of 843 isolates (204 putative V. cholerae, 164 putative V.
parahaemolyticus, 287 putative V. vulnificus, and 188 isolates presumed to be
other species) were successfully analyzed by PCR. The isolates were streaked on
TCBS from the stored slants. Template DNA was prepared by resuspending a
single colony in 100 pl TE buffer (10 mM Tris, 1 mM EDTA, pH 8), heating the
suspension to 100°C for 10 min, and then centrifuging it at 5,000 X g for 10 min
in order to pellet cellular debris. One microliter of the supernatant was used as
template DNA in PCRs. A preliminary PCR was performed on each extract
using a bacterium-specific 16S rRNA oligonucleotide primer set (Table 2) to
check for PCR inhibition. Extracts that did not amplify with the 16S rRNA
primers were, in some cases, cleaned using the InstaGene Matrix (Bio-Rad)
according to the manufacturer’s instructions and tested again. DNA extracts that
could be reliably amplified using these primers were then assayed by PCR with
species-specific primers (Table 2) for V. cholerae (the internal transcribed spacer
region of the rRNA gene), V. parahaemolyticus (tlh), and V. vulnificus (vwhA).
Species-confirmed isolates were then screened for virulence-associated genes
(Table 2). V. cholerae isolates were assayed for the cholera toxin gene (ctx), and
V. parahaemolyticus was assayed for the tdh and trh genes. A 16S rRNA-ribotyp-
ing PCR assay (34) was used to classify V. vulnificus isolates as clinical or
environmental types, but the assay required modification. We and others (79)
found the assay to be unreliable when conducted, as originally described, as a
single-reaction three-primer amplification. Instead, we used the same primers,
but in two separate reactions (one for each of the forward primers paired with
the same reverse primer). This modification, although doubling the reactions
required, produced accurate (as confirmed by 16S rRNA sequencing) and re-
producible results (data not shown). PCR was performed in 96-well plates using
2.6 units of Tag polymerase and 5 pl of 5X PCR buffer (both from Roche
Applied Science) per 25-pl reaction mixture. Primer and MgCl, concentrations
varied depending on the reaction (Table 2). PCR conditions were as follows:
initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 1 min, the
appropriate annealing temperature (Table 2) for 1.5 min, and 72°C for 1.5 min.
The PCR was carried out in a DNA Engine thermal cycler (MJ Research, Inc.).
Amplification was confirmed by determining the presence and sizes of products
using agarose gel electrophoresis. DNA in gels was stained with SYBR Safe
(Invitrogen) and visualized with a UV transilluminator, and images were re-
corded with a digital gel documentation system (Bio-Rad).

DNA sequence analysis. Ninety-six isolates were selected for sequencing of the
16S rRNA gene in order to confirm identifications based on the chromogenic
media and species-specific PCR assays. DNA was amplified with the 27B forward
(F) and 1492 reverse (R) primers (Table 2) using the Expand High Fidelity PCR
system (Roche Applied Science). For each reaction, 2.6 units of Expand High
Fidelity enzyme mix were used to amplify products using the following condi-
tions: initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 30's,
50°C for 1 min, and 72°C for 2 min, followed by a final extension at 72°C for 7
min. PCR amplification was confirmed as described above. The PCR products
were purified for sequencing using a Purelink 96-well PCR Kit (Invitrogen)
according to the manufacturer’s instructions. Direct sequencing was performed
in both directions using the 27B F and the 1492 R primers. Sequences were
analyzed using Sequencher (Gene Codes Corporation) and ARB (43) software.
Based on the sequencing results, the rates of false-negative identifications (iso-
lates rejected as one of the target pathogenic species based on noncanonical
color changes on either of the two media) were 1.5% for V. cholerae (n = 66),
1.7% for V. parahaemolyticus (n = 59), and 8.1% for V. vulnificus (n = 74), and
the data were not corrected for this source of underestimation.

Statistical analyses. Average concentrations of CFU for all lake stations were
calculated as the geometric mean and the variability as the geometric standard
deviation. In three instances there were no colonies of a particular color, and
these zeros were replaced with values of 0.04 CFU ml~! (our minimum detection
limit for a single sample) in order to allow calculation of a geometric mean. Since
there was only one site sampled in each of the canals, the uncertainty in the
estimates of CFU concentrations was calculated assuming a Poisson distribution.
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FIG. 1. Locations of sampling stations in relation to the globe (A), the Gulf Coast (B), and Lake Pontchartrain (C). The circles indicate stations
that were sampled on every occasion (canal stations S1 and S2 and lake stations Al, B1 to B3, and CS). The squares indicate stations sampled only
in 2005 (A2 to A4, B4, and C1 to C4). The diamonds indicate stations sampled only in 2006 (all D and E stations). The maps in panels A and B
were prepared with Generic Mapping Tools software (81). The map in panel C was produced by tracing coastlines and waterways from a satellite
image (courtesy of Lawrence Ong, EO-1 Mission Office) available on the NASA Earth Observatory website (http://earthobservatory.nasa.gov

/IOTD/view.php?id=5830).

These errors reflect only the error in the count for that station and do not
account for the possible spatial variability in abundance within the canals.

In order to estimate the mean abundance of each targeted species (V. cholerae,
V. parahaemolyticus, or V. vulnificus) for all lake stations in each of the seasons
sampled, we calculated the percentage of the screened colonies on TCBS that
were confirmed by PCR analysis to actually be the species that we presumed
based on colony color. This percentage was then applied to the lakewide geo-
metric mean concentration of CFU of the corresponding color. Errors in the
estimates of the species abundance were calculated by propagating the errors in
estimates of (i) the abundance of colonies of a given color for all lake stations
and (ii) the proportion of those colonies screened from the lake that were
confirmed by PCR to be the presumed species. The former error was calculated
as the geometric standard deviation of colony abundance among all lake stations.
The latter error was calculated as the standard deviation for proportions in
binomial data (85).

The detection limit for a given species in a given sample was calculated by first

determining the effective assay volume. The effective assay volume is the total
volume filtered multiplied by the fraction of colonies that were actually screened.
If a species of interest was not detected in that volume, then, based on the upper
confidence limit of the Poisson distribution, there was a 95% probability that the
true mean abundance of that species in that volume was =3.7 (rounded to 2
significant digits). The detection limit is therefore 3.7 CFU divided by the
effective volume assayed. In cases where a given species was not detected at any
station in the lake, the overall detection limit for the lake was calculated by
summing the effective volumes filtered for all stations to obtain the total equiv-
alent volume screened.

The relationship between vibrio CFU and water properties (temperature,
salinity, pH, turbidity, and dissolved oxygen) or distance of the station from the
nearest land was investigated by least-squares linear regression and parametric
correlation analyses using the SPSS Statistics software package (SPSS, Inc.). The
statistical significance of changes in the proportion of 16S rRNA biotypes of V.
vulnificus was determined using a chi-square approximation with and without
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TABLE 1. General location, specific name and coordinates, and 35
distance from shore of each sampling site O 301
Location Site Latitude  Longitude  Distance from E; 25 1
identifier (°N) (°W) shore (m) 2 @
© £ 201
Lake Pontchartrain Al 30.0249  90.1228 80 2 g 15
A2 30.0247  90.1336 530 Em
A3 300295  90.1542 830 L 104 A s, "
A4 30.0329  90.1743 1,190 H 5 3
B1 30.0264  90.121 50 . A A A A
B2 30.0355  90.1209 660 Sep Dec Mar Jon Sép
B3 30.0543  90.1210 2,720 5005 5006
B4 30.0719  90.1209 4,655 T .
C1 30.028 90.1128 37 FIG. 2. Average temperature and salinity in Lake Pontchartrain
2 30.0319 90.1038 427 over the course of the year following landfall of Hurricane Katrina.
3 30.0410  90.0857 1,320 The error bars for the temperature and salinity are the standard de-
C4 30.0500  90.0681 1,855 viations among the 13 stations sampled at each time point. When bars
cS 30.0688  90.1636 5,288 are not visible, the error is less than the height of the symbol. The
D1 30.0323 90.0771 30 arrows indicate the dates on which samples were collected for analysis
D2 30.0321  90.0745 57 as part of this study.
D3 30.0412  90.0753 1,025
D4 30.0592  90.0766 3,014
El 30.034 90.0377 163
E2 30.0334  90.0352 97 low of about 12°C in winter (Fig. 2). Average salinity varied
Ei gggggé 388‘3&;‘ 1 ggg from 6 to 9 over this same period (Fig. 2). Salinity in the 17th
17th Street Canal St 299868 90.1251 ’ Street Canal ranged from 0 to 5 for the samplings reported in
Industrial Canal S3 30.025 90.0316 this paper (see Table S1 in the supplemental material). Addi-

Yates’ correction for continuity. In cases where it was possible, Fisher’s exact test
was also employed. Conclusions about significance were congruent for all tests,
and the more conservative probability (P) values of the Yates’ chi-square test are
reported. In all cases, P values of <0.05 were considered statistically significant.

RESULTS

From 19 September 2005 to 1 September 2006, the average
temperature among our stations in southern Lake Pontchar-
train varied from highs of about 30°C in summer and fall to a

tional salinity measurements in the 17th Street Canal taken at
other times during the year always resulted in values of <1 (A.
Hou, unpublished observations). Salinity in the Industrial Ca-
nal ranged from 8 to 11. At a given sampling event, tempera-
ture and salinity varied little among the lake stations within our
study area, as indicated by the small standard deviations.
Concentrations of total CFU on TCBS medium (total puta-
tive vibrios) ranged from 0.12 to 350 ml~ " across all four time
points and stations, including the canals (Fig. 3; see Table S1 in
the supplemental material). Total vibrio CFU concentrations
were highest in the 17th Street Canal during the sampling in
October 2005 and highest in the Industrial Canal during the

TABLE 2. DNA regions targeted for PCR amplification in this study; original names, sequences, and literature sources of the oligonucleotide
primers used; and values for the amplification reaction conditions that varied among primer sets

Primer Primer MgCl, Annealing
Target® name Sequence (5'—3") Reference concn concn temp (°C)
(M) (M)
Bacterial (rrn) 16S rRNA 27B F* AGRGTTYGATYMTGGCTCAG 47 0.6 15 50
1492 R GGYTACCTTGTTACGACTT 38
Ve (ITS) intergenic prVCF TTAAGCSTTTTCRCTGAGAATG 10 0.6 15 60
transcribed spacer prVCM R AGTCACTTAACCATACAACCCG
Ve (ctx) cytotoxin P1 TGAAATAAAGCAGTCAGGTG 36 0.5 15 55
P2 GGTATTCTGCACACAAATCAG
Vp (¢lh) thermolabile L-tl AAAGCGGATTATGCAGAAGCACTG 5 0.5 25 58
hemolyisn R-tl GCTACTTTCTAGCATTTTCTCTGC
Vp (tdh) thermostable TDH F GTAAAGGTCTCTGACTTTTGGAC 5 0.5 25 55
direct hemolysin TDH R TGGAATAGAACCTTCATCTTCACC
Vp (trh) tdh-related TRH F TGGGCTTCGATATTTTCAGTATCT 5 0.5 25 55
hemolysin TRH R CATAACAAACATATGCCCATTTCCG
Vv (vwhA) hemolysin L-CTH TTCCAACTTCAAACCGAACTATGAC 7 0.6 15 63
R-VVH ATTCCAGTCGATGCGAATACGTTG 55
Vv (rrn) 16S rRNA Vib 1 GTGGTAGTGTTAATAGCACT 34 1 15 55
Vib 2 TCTAGCGGAGACGCTGGA
Vib 3R GCTCACTTTCGCAAGTTGGCC

“ Presumed specificity is indicated by the abbreviations Vc (V. cholerae), Vp (V. parahaemolyticus), and Vv (V. vulnificus), followed by the gene (or region)
abbreviation and a brief description of the function of the target.
b Referred to in the cited paper as a variation of 16S rRNA bacterial primer 8F. The new name reflects the convention of designating the primer by the position of

the 3’ rather than the 5’ end, and the “B” indicates a change in the degeneracy compared to the conventional 16S rRNA 27F primer.
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FIG. 3. Total concentrations and proportions of yellow (light wedges) and green (dark wedges) CFU on TCBS medium at each of the Lake
Pontchartrain and canal stations sampled in October 2005 (A), January 2006 (B), March 2006 (C), and September 2006 (D). The areas are
proportional to the concentrations. For the smaller pie charts that are difficult to resolve, the yellow/green ratios are also presented numerically
at the left of the pies. The map was traced from a NASA Earth Observatory satellite image as credited in the legend to Fig. 1.

September 2006 sampling event (Fig. 3; see Table S1 in the
supplemental material). The lowest values were consistently
seen at the stations furthest offshore. The geometric mean
values for all Lake Pontchartrain stations (i.e., excluding ca-
nals) in October 2005 and January, March, and September
2006 were 5.0, 1.5, 1.0, and 15.3 CFU ml ™", respectively. Su-
crose-negative (green) colonies dominated in October and
September, when temperatures were >25°C, while sucrose-
positive (yellow) colonies dominated in January and March,
when temperatures were <18°C. One exception to this pattern
was the 17th Street Canal, at which site salinity was always
lower than at all other sites and sucrose-positive colonies dom-
inated at every sampling.

The proportion of total TCBS CFU estimated to be V. chol-
erae, V. parahaemolyticus, V. vulnificus, or “other” varied
among sampling dates and among sites (Fig. 4). Together, the
three targeted pathogenic vibrio species accounted for 49 to
100% of the total CFU in October 2005 and September 2006.
In January and March 2006, they accounted for <20% at all
three locations. V. cholerae was detected in the lake and both
canals but was particularly dominant in the 17th Street Canal
during fall (October 2005) and late summer (September 2006)
samplings, at which location and times it was estimated to
comprise 80% and 100% of the total CFU, respectively. V.
cholerae was not detected in the 17th Street Canal during the
winter (January 2006) and spring (March 2006) samplings, at
which times the canal was dominated by other sucrose-positive
species. V. cholerae made up a smaller percentage of the CFU
in the Industrial Canal but was present there at every sampling,

s Lake (Mean, All Station
1004 ake (Mean, ations )
104 [] V. cholerae
" [ V. parahaemolyticus
g 1 B V. wuinificus
o [ other
01, 1]1
0.01-4 s T
300 .
17th Street Canal Industrial Canal
1004 E
104 E -
E
2 ! 1
(&)
0.14 E
0.01 L . s s . s . L
Oct Jan Mar Sep Oct Jan Mar Sep
2005 2006 2005 2006

FIG. 4. Estimated abundances of CFU for selected vibrio species
on TCBS in Lake Pontchartrain, the 17th Street Canal, and the In-
dustrial Canal during each of the four samplings. The error bars are a
combination of spatial variability (lake only) or error in the colony
count (canals) plus error arising from subsampling for colony identi-
fication as detailed in the text. The asterisks indicate that a given
species was below the detection level. The dashed lines at 10 CFU
ml~! are included as reference points to facilitate comparisons among
graphs.
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FIG. 5. Estimated geometric mean concentrations of V. vulnificus
in Lake Pontchartrain (open circles) and the percentages that were 16S
rRNA biotype B for each sampling period (bars). No data are shown
for January 2006 because CFU of V. vulnificus were below the detec-
tion limit of the assay (<0.04 CFU ml ') and no isolates were obtained
at that time. The error bars for V. vulnificus abundance were propa-
gated from multiple sources of error, as described in Materials and
Methods. The error bars on the bar graph show 95% confidence
intervals. The proportion of B-type V. vulnificus in October was sig-
nificantly different (P < 0.05) from that in the other months according
to two statistical tests (a two-tailed Fisher’s exact test and a chi-square
approximation). Abundance data are slightly offset to the right for
clarity.

0.1+

V. vulnificus Abundance (CFU per ml)
|
Proportion of B-Type (%)

and the highest absolute abundance of V. cholerae (56 CFU
ml~') was found there in September 2006. In the lake, V.
cholerae always made up <15% of the total CFU, with a
maximum geometric mean concentration in September 2006 of
1.4 CFU ml™ ..

V. parahaemolyticus never made up a large percentage of the
total CFU (=16%) at any location but was detected in all
samplings in the lake except for January and once in the In-
dustrial Canal. The maximum concentrations of V. parahaemo-
Iyticus were recorded in September 2006 for the lake (0.76
CFU ml™ ') and the Industrial Canal (49 CFU ml™ ).

V. vulnificus was also present in all samplings except January
in both the lake and the Industrial Canal but was detected only
once at very low levels (0.6 CFU ml ') in the 17th Street Canal
(October 2005). At that time, salinity was 5 in the canal, the
highest recorded for any of our samplings. In the warmer
months (October 2005 and September 2006), V. vulnificus ac-
counted for 30 to 50% of the total CFU in the lake and 60 to
70% of the total CFU in the Industrial Canal. The maximum
absolute abundances were recorded in September 2006 for the
lake (8.8 ml~') and the Industrial Canal (250 CFU ml ).

Analysis of virulence-associated markers. In total, 128 iso-
lates from all four sampling events were confirmed by PCR to
be V. cholerae, and none of them tested positive for the pres-
ence of the ctxAB operon. Twenty isolates from all four sam-
pling events were confirmed by PCR to be V. parahaemolyticus,
and none of them tested positive for the tdh or trh gene. A total
of 298 isolates of V. vulnificus were obtained from three sam-
pling events; no V. vulnificus colonies were detected in January
2006. Eighty percent of the V. vulnificus isolates were deter-
mined to be 16S rRNA type A and 20% type B, but the
percentages varied among sampling events (Fig. 5). The pro-
portion of isolates that were type B in October 2005 (34/95)
was significantly higher than in either September (18/131; P =
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FIG. 6. Log CFU on TCBS (putative total vibrios) for the lake
stations plotted as a function of the log of the distance of the station
from shore for each of four sampling dates. Solid lines represent
least-squares linear regression lines for each data set.

0.0002) or March 2006 (2/31; P = 0.004). The difference in
proportions between March and September was not statisti-
cally significant (P = 0.420).

Correlations with environmental variables. When the data
from each sampling event were analyzed separately, distance
from shore was the only variable with which the total vibrio
concentration was significantly correlated in every season (P =
0.000 for each sampling event) (Fig. 6). The total vibrio con-
centration was significantly correlated with temperature only
during September 2006 (r = —0.61; P = 0.034) and with sa-
linity only during October 2005 (r = —0.58; P = 0.037).

Multiple linear regression analysis of log-transformed total
vibrio abundance was also performed on the entire lake data
set (the four quantitative seasonal samplings, excluding ca-
nals). In this analysis, which encompassed the seasonal vari-
ability, the total vibrio abundance was significantly correlated
with distance from shore, temperature, and turbidity (P =
0.000, 0.000, and 0.016, respectively). Together these environ-
mental factors accounted for 82.1% of the variability in total
vibrio abundance observed during this study. When log trans-
formed, the estimated lakewide average abundances of V. vul-
nificus, in particular, were significantly correlated with temper-
ature (P = 0.014), but not salinity (P = 0.625) (Fig. 7).

DISCUSSION

The ecology of pathogenic vibrios has been studied at vari-
ous locations along the Gulf Coast of the United States (14, 33,
40, 42, 59, 74), but there are very few data on pathogenic
vibrios in Lake Pontchartrain. We are aware of only one study
conducted prior to Hurricane Katrina in which the abundance
of pathogenic vibrios in Lake Pontchartrain was investigated
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FIG. 7. Linear regression analysis of log-transformed concentra-
tions of total CFU on TCBS and V. vulnificus CFU in Lake Pontchar-
train versus lake temperature (left) and salinity (right). The concen-
trations are the geometric mean abundances for the 13 lake stations.
The temperature and salinity values are the arithmetic means for those
stations. The thicker regression lines are for the total vibrio data, and
the thinner lines are for V. vulnificus. The horizontal dashed lines
indicate the detection limit of our assay. In each panel, the value for V.
vulnificus located at the detection limit with the downward-pointing
arrow represents data from January, at which time no V. vulnificus cells
were detected. These points were not included in the regression. The
regression equations (rounded to three significant digits) are as fol-
lows: left, thick line, y = 0.0673x — 0.929, * = 0.858, P = 0.074, and
thin line, y = 0.178 — 4.30, 7> = 1.000, P = 0.014; right, thick line,y =
0.190x — 0.893, 7* = 0.243, P = 0.507, and thin line, y = 0.364x — 2.68,
? = 0309, P = 0.625.

(63). The relevant data from that study appear in two book
chapters (4, 62), where the most probable numbers were re-
ported for V. cholerae (0.015 to 0.53 ml~ 1Y), V. parahaemolyticus
(<0.003 to 0.004 ml~ "), and V. vulnificus (0.003 to < 0.3 ml™")
at unspecified times between January 1980 and July 1981 at an
unspecified location in the lake. The maximum concentrations
reported for each of these species were 2.6-, 190-, and 29-fold
lower than the highest geometric mean concentrations of the
species that we observed for the lake in this study and 2 to 4
orders of magnitude lower than the maxima we observed in the
Industrial Canal.

There are a number of possible explanations as to why our
maxima were higher than those recorded previously. For one,
Lake Pontchartrain may be a more favorable environment for
vibrios now than it was 25 years ago because of chronic changes
in the habitat. Significant long-term positive trends in lake
salinity have been detected in measurements made at a site
along the south shore since the mid-1940s (68, 83). This change
is small (+2.8 ppt) compared to seasonal and interannual
variability (68) but might have influenced the maximum abun-
dances of pathogenic vibrios.

It is also possible that vibrio ecology was affected by the two
major hurricanes that preceded our sampling, as has been seen
in other studies (39, 82). Some side effects of the hurricanes
(sewage and chemical contamination) appeared to be short-
lived and localized (26, 78). We cannot resolve such acute
effects with our limited data, but could the hurricanes have had
longer-lasting effects on vibrio abundance? One significant ef-
fect of the storms was on the benthic communities, which
showed declines in abundance and diversity as a result of
scouring and changes in bottom water chemistry (20, 57). We
found that vibrio abundance was correlated with turbidity, and
an increase in the turbidity of the lake appears to be correlated
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with the loss of the community services of benthic filter feed-
ers, such as the clam Rangia cuneata (57). Given the known
association of vibrios with particles and plankton and the en-
richment of vibrios in filter-feeding bivalves, it seems possible
that the dramatic hurricane-related losses of filter feeders in
this shallow estuarine lake could have led indirectly to a
chronic increase in pathogenic vibrios in the plankton.

Finally, it is also possible that our higher numbers for Lake
Pontchartrain simply reflect differences in sampling location or
methods. We observed pronounced and persistent onshore-
offshore changes in vibrio abundance that were of the same
order of magnitude as the difference between this and the
previous study, suggesting that the sampling location could
easily explain the difference. Because of logistical constraints,
our samples sat chilled in bottles in a cooler for ca. 4 to <10 h
before being plated in the laboratory, which may also have
influenced abundance estimates. The consistency in the abun-
dances at stations similar distances from shore despite differ-
ences in the elapsed time between collection and plating sug-
gests, however, that this effect was relatively small compared to
other drivers of spatial and temporal variability. Although our
maximum abundances are higher than previously reported for
Lake Pontchartrain, they are similar to those seen elsewhere
using culture-based methods, whether considering total CFU
on TCBS (6, 27) or the abundance of individual vibrio patho-
gens (6, 42).

Environmental controls on vibrio abundance and species
composition. Culture-based studies underestimate the abun-
dances of pathogenic vibrios compared to direct counts using
probes or PCR (24, 60), so the total concentrations of patho-
genic vibrios in Lake Pontchartrain are probably considerably
higher than even our data suggest. Nevertheless, the temporal
variation in the concentrations of total vibrio CFU that we
observed in southern Lake Pontchartrain and its associated
canals is consistent with previous observations of temperature-
driven seasonal cycles in total vibrio abundance, whether de-
termined by CFU (31) or 16S rRNA gene copy numbers (77).

The much lower colony counts in January and March, par-
ticularly for the pathogenic species, could be explained in part
by the induction of cells into a viable but nonculturable
(VBNC) state by cold temperatures (51, 84), but cell abun-
dances undoubtedly declined in the colder months as well, as
has been shown elsewhere by cultivation-independent methods
(24, 60). A nonquantitative analysis of Lake Pontchartrain
samples shipped to Hawaii indicated that PCR-confirmed V.
parahaemolyticus and V. vulnificus could be cultured at a few
stations as late as 11 December 2005 (data not shown), even
though the lake temperature at that time was the coldest we
recorded. Since the shipped samples were at >15°C for a long
period (2 to 3 days) between collection and plating, our limited
detection of these species is consistent with resuscitation of
small residual populations from the VBNC state (54). The
absence of CFU in January suggests that either concentrations
were even lower at that time or our usual procedure of same-
day collection and plating did not lead to significant resuscita-
tion.

Salinity is also expected to influence patterns in vibrio abun-
dance (28), but we observed no correlation between salinity
and total vibrio abundances in the lake during this study. We
presume that this is because surface salinity varied relatively
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little among the lake stations during any given sampling
(maximum — minimum = 2.5) and that any effect of the modest
changes in salinity observed seasonally (maximum — minimum <
4.8) was masked by the influence of large seasonal changes in
temperature (maximum — minimum = 17°C). Salinity in the
17th Street Canal was consistently lower than at all other
sampling sites, since the canal serves as a conduit for terrestrial
runoff, which is pumped into Lake Pontchartrain via the Metai-
rie Pumping Station. The distinct community composition ob-
served in the 17th Street Canal appears to be the one example
where salinity may have had a more important role than tem-
perature in structuring the vibrio community.

The variable with which total vibrio abundance showed the
most consistent and strongest correlation was distance from
shore, which suggests that some other environmental parame-
ter that we did not measure, and which also varies with dis-
tance from shore, had a significant influence on vibrio abun-
dance. The canals located within our study area can serve as
sources of sewage pollution from either normal storm water
runoff (19, 29) or pumping of hurricane floodwaters (2, 15, 26,
70). Since plumes from the canals tend to be compressed along
the shoreline (44) and the depth of the lake increases with
distance from shore, one may expect pronounced onshore-
offshore gradients in organic and inorganic nutrients. Nutrient
enrichment in the near-shore area, whether from benthic
fluxes, storm water runoff, or the pumping of sewage-contam-
inated waters, may foster the growth of vibrios and could have
contributed to the observed gradients in vibrio concentrations.

A role for sewage input is consistent with other investiga-
tions that have found significant correlations between sewage
indicators and various Vibrio spp. (6, 59, 61). We note, how-
ever, that others have found no correlation between specific
vibrios and indicators (reference 37 and references therein)
and that interdependence among potentially relevant variables
(27) can confound mechanistic interpretations. The relation-
ship between sewage contamination and vibrio abundance ap-
peared, at least in one study, to be an indirect consequence of
stimulating increases in phytoplankton and zooplankton rather
than a direct effect of sewage on the bacteria (80).

Phyto- and zooplankton can promote vibrio growth by serv-
ing as a source of organic matter (18, 48) and providing sur-
faces for bacterial attachment (30, 73). A study of phytoplank-
ton in Lake Pontchartrain following Hurricanes Katrina and
Rita did reveal gradients in chlorophyll @ and other photosyn-
thetic pigments over large spatial scales (56), but we observed
no correlation between the concentrations of any of the pho-
tosynthetic pigments and vibrio abundance for the one date
and among the stations where we had coincident data (data not
shown). Unfortunately, we found no data on zooplankton
abundance in Lake Pontchartrain at the time and location of
our study, so we were unable to test for correlation with that
variable.

Virulence-associated genes. V. cholerae, V. parahaemolyticus,
and V. vulnificus are considered to be pathogens, but their
pathogenicity and virulence vary considerably among strains
within the species as a result of genetic and physiological dif-
ferences (11, 17, 46). Pathogenicity in V. cholerae, for example,
is associated with an ability to produce the cholera enterotoxin
(CT), which is encoded by two genes that form the ctxAB
operon (45). Two hemolysins, thermostable direct hemolysin
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(TDH) and TDH-related hemolysin (TRH), are believed to
play integral roles in the pathogenicity of V. parahaemolyticus
(25).

The absence of virulence-associated genes among the V.
cholerae and V. parahaemolyticus isolates obtained and
screened as part of this study is consistent with previous studies
indicating that these markers are rare among environmental
isolates. Most V. cholerae strains isolated from environmental
sources are non-01 and non-0139 serotypes (12), and 95% of
the members of these serogroups are negative for the ctxAB
gene (32). In V. parahaemolyticus, the tdh gene encodes a
hemolysin that causes hemolytic activity known as the Kana-
gawa phenomenon (46, 65). Studies have indicated that less
than 2% of environmental strains carry the tdh gene (50).

The relationship between virulence and gene content is
much less clear for V. vulnificus. Although many virulence-
associated genes have been identified in V. vulnificus (16, 41),
the difference between those strains that are associated with
human infections and those that are not cannot be reliably
ascribed to the presence of any one gene or suite of a few genes
(23, 52, 66). Two groups of V. vulnificus have been discrimi-
nated based on differences in the 16S rRNA gene (3). Despite
a significant exception in one study (22), strains isolated from
environmental sources have been predominantly type A, while
those from clinical sources have been predominantly type B
(49, 79), suggesting an imperfect, but perhaps useful, correla-
tion between ribotype and virulence.

The temporal pattern in relative abundance of 16S rRNA
type B versus type A strains of V. vulnificus is very similar to
that observed previously in Galveston Bay, TX (40). This con-
sistency in seasonal succession, in which the abundance of the
type B strains increases more slowly in the spring and de-
creases more slowly in the fall relative to that of the type A
strains, suggests that these strains have distinct physiologies
that govern their response to changing environmental condi-
tions. These data provide further support for the emerging
view that the various genetic differences that define two main
groups of V. vulnificus translate into distinct ecotypes (64).

Conclusions. In this paper, we have presented the first spa-
tially and temporally resolved data on the abundance, distri-
bution, and virulence gene content of Vibrio spp. in Lake Pon-
tchartrain, LA. The concentrations of pathogenic vibrios that
we observed were much higher than previously reported for
the lake and were consistently highest near shore and when
temperatures were warmest. These spatial and temporal pat-
terns suggest that high vibrio abundances in floodwaters were
likely a contributing factor to the spike in vibrio infections
following Hurricane Katrina. Our results also support the view
that V. vulnificus 16S rRNA types A and B have distinct ecol-
ogies. Future work to identify the physiological and genetic
bases for the ecological differences between these strain types
may provide some insight into their differing associations with
human disease.
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